The development of high-performance mechatronic systems as well as the strong demand for environmentacceptable and safe intelligent technologies have had a profound impact on vehicle engineering. This impact has resulted in both an increasing degree of automation of vehicular systems and the emergence of new concepts like integrated chassis control. To contribute to this topic, a consortium of several industrial and academic partners from EU, South Africa, and USA has performed consolidated research and innovation actions for the development of new integrated chassis control technologies within the framework of the European project EVE. This paper presents the main EVE outcomes related to the integration of active brake, suspension, and tyre pressure control. Attention is also given to the problems of vehicle and tyre modelling, state estimation, robust chassis control, and experimental validation tools.
Introduction
Progress in automotive engineering technologies is mainly being determined nowadays by two domains-electric vehicles and automated driving. These domains put the substantial research and innovation focus on such topics as environment-friendly powertrains, sensor fusion, vehicle-to-X connectivity, and Artificial Intelligence (AI)-based vehicle control. However, despite promising technological advances in these topics, their potential can be explored only with high-performance automotive chassis systems capable to realize efficient motion dynamics within the framework of electric/automated vehicles. Analysis of state-of-the-art in chassis design shows that a clear-cut trend towards integrated vehicle motion control can be observed now (1) . Although this idea for a combined operation of several chassis systems to improve simultaneously various vehicle performance criteria has arisen few decades ago (2) (3) , only recent progress in highly dynamic mechatronic actuators made possible concepts of the robust and efficient integrated chassis control (ICC). However, at the same time, it is possible to identify several methodological gaps to be solved for a systematic, holistic approach to designing the integrated chassis control:
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• Consistency of models-More emphasis should be placed to real-time high-fidelity models of the vehicle and its subsystems with the support of their seamless transfer between applications for (i) software simulators, (ii) hardware-in-the-loop (HIL) test setups, and (iii) onboard controllers; one of the main vehicle components with significant challenges here is the tyre, as typically high-fidelity tire models are not suitable for real-time vehicle simulations or HIL; • Robust control strategies-On the development design stage, a many-sided robustness analysis has to be carried out by the selection of control strategies for both vehicle sub-systems and ICC under consideration of critical operational situations (e.g. inhomogeneous tyre-surface contact); furthermore, this also brings up the need to develop a more adequate parameter estimation technique to be used in conjunction with the ICC; • Shared testing procedures-An established validation process by designing the control systems usually includes sequential procedures, from the Model-in-theloop (MIL) through the HIL to the experiments on fullscale test rigs and objects. However, the complexity of ICC with the simultaneous demand on an optimized development schedule requires another level of testing paradigms allowing shared real-time experiments involving testing setups from different vehicle engineering domains and situated in various geographical locations; some of the most challenging aspects related to this topic are the compatibility of software and communication protocols among various locations, and the data processing power available at each location. At a higher level, it can be summarized that a dedicated study on the integrated chassis control requires multidisciplinary research activities with the involvement of various competences. These factors motivated the research project EVE "Innovative Engineering of Ground Vehicles with Integrated Active Chassis Systems" that will be further introduced. This project is realized by the consortium of several industrial and academic partners from EU, South Africa and USA with the following objectives:
• Development of reference tyre models for on-road and off-road conditions to be used in the ICC design; • Experimental studies to assess the performance of tyres in challenging on-road (i.e., on ice) and off-road (e.g., on soft soil) conditions, to be used for tyre modeling purposes; • Advancement of integrated chassis control methods with active compensation of external and internal disturbances; • Development of advanced models of ground vehicles and automotive subsystems for real-time control applications; • Designing of ICC with simultaneous improvements in driving safety and comfort and realized with brake-bywire, semi-active suspension and dynamic tyre pressure control; • Development and comparative benchmarking of realtime ground vehicle parameter estimation techniques; • Development of distributed testing technology allowing cooperative experiments on stationary and mobile hardware-in-the-loop (HIL) test rigs at different hosts. Next sections will give an overview of the proposed ICC architecture, description of tyre and vehicle modelling activities, control system design as well as validation approach.
Design Aspects of Integrated Chassis Control

System Architecture
The vehicle demonstrator used in the project works is based on a Sport Utility Vehicle (SUV) having off-road capability. For this demonstrator, the integrated chassis control proposed in the EVE project is addressing a particular design case, which should reflect the following requirements: (i) the system provides coupling of longitudinal and vertical motion dynamics control; (ii) both on-road and off-road driving capability of the vehicle is considered; (iii) participating chassis sub-systems can be operated in stand-alone and integrated modes; (iv) the integration of sub-systems should demonstrate simultaneous improvement of driving safety and comfort. Considering these requirements, the ICC architecture in accordance with Fig. 1 has been proposed.
The ICC architecture is represented with three chassis subsystems. The longitudinal vehicle motion control is realized for a braking mode with the decoupled electro-hydraulic brakes. The multi-level semi-active suspension is responsible for the vertical vehicle motion control. Both mentioned systems are being permanently integrated by the supervisory controller aimed at the optimal vehicle dynamics control in terms of the driving safety and comfort. The third chassis subsystem-the highly dynamic tyre pressure control-is being activated depending on the maneuver conditions to support the braking/suspension control.
Design Components
The development of discussed ICC configuration requires a sophisticated design process consisting of many components as shown on Fig. 2 . This process can be represented for convenience with five task groups. Tyre & Vehicle Modelling tasks cover development • Real-time models for the subsequent utilization in the sub-system controllers; • Multi-body models allowing detailed evaluation of the vehicle motion dynamics, e.g. during MIL/HIL studies; • Specific tyre and vehicle models for the assessment of the ride comfort; • Specific models describing the vehicle motion in offroad conditions, such as driving over rough or deformable surfaces. The tasks related to estimation tools include the formulation and development of estimators and observers for ICCrelevant vehicle motion parameters as the velocity, the tyre forces et al. and the road parameters as the friction and the profile. An additional objective is the realization of methods for attenuation of disturbances during ICC system operation caused by such factors as the brake fading, hysteresis in chassis elements, and road unevenness. Furthermore, the design concept requires the development of controllers for braking, suspension and tyre pressure control sub-systems, supplemented with a supervisory integrated controller.
Hardware-related tasks are dedicated to the development and utilization of
• Chassis sensors, e.g. intelligent load-sensing bearings for measurement of wheel forces and torques; • Chassis actuators as decoupled electro-hydraulic brakes, multi-level semi-active suspension, and tyre pressure valves; • Data acquisition systems and on-board electronic control units (ECU) for the chassis sub-systems and the integrated controller. The final group of tasks deals with the testing tools used for the validation and verification of models, controllers, estimators, and the overall system functionality. Here a wide spectrum of approaches is implemented, including:
• HIL setups for studies on actuator dynamics;
• Dynamometers for studies on the chassis loading modes;
• 4-poster setup allowing investigations on the ride comfort; • Proving ground and controlled conditions laboratory setup for off-road trials needed for the parameterization of tyre and vehicle models and for performance analysis studies; • X-in-the-loop methodology for the research on complex inter-domain phenomena, which are characteristic for the ICC operation. It can be concluded that the realization of all mentioned design components has a strong demand on interdisciplinary competences. Therefore, the full development process can be realized only through collaborative design that is explained in next section.
EVE Competence Mapping
To cover the whole ICC design process, the EVE project has proposed a consortium with a strong interdisciplinary, intersectoral and international balance. The collaborative works united organizations from seven European countries (Germany, Belgium, The Netherlands, Spain, France, UK, and Sweden), South Africa and the USA:
• 1) TUIL and UP cooperated in the development of vehicle models for the controllers of ICC sub-systems. Development of tyre models for on-road and off-road conditions is subjected to collaborative research between VT and UP. Software realization of the models is done using the ASM tools of DSPACE and multi-body modelling tools of ESTEQ, with implementation support from VT.
2) Parameterization and validation of developed tyre and vehicle models included experimental works on the rolling dynamometer of TUIL, terramechanic test bed of VT for ice and soft soil, and proving ground tracks of GEROTEK.
3) The controllers of ICC sub-systems required interaction of TUIL and UP (brake and tyre pressure control systems) and ITA and UP (active suspension) with subsequent inclusion of TUD for the development of global ICC controller. A set of different wheel slip controllers has been investigated and tested in cooperation between SURREY and TUIL for benchmarking and advanced ICC solutions for vehicles with alternative powertrains. 4) New analytical technique for vehicle state and parameter estimation is proposed based on results of cooperation between UTC, ITA, TUIL and VT. The corresponding estimators were integrated into the ICC and validated by real-time tests.
5) The testing of the hardware components of the ICC subsystems, including industrial solutions of TENNECO, has been done on the test rigs of TUIL with the use of DSPACE HIL technologies. This interaction was supplemented with experiments on real vehicles was done by UP, GEROTEK and TUIL. 6) TUD, CHALMERS and SKF performed cooperative research for advanced design of load-sensing bearings for multi-purpose vehicle mobility and for integration of new bearing-based wheel force measurement elements into the ICC sub-systems. 7) Collaboration of TUIL, TUD, UP and VT was organized for the realization of distributed real-time experiments on different physical hosts using dSPACE hardware.
Within the framework of the presented paper, several design aspects discovered during the EVE collaboration will be overviewed in next sections.
Design Case: Tyre-Low Friction Surface Characterization
A rarely investigated area in ICC research relates to the support of the driving stability in severe road conditions. In particular, ice can be recognized as a case where existing vehicle dynamics control system are approaching a limit in achievable improvement by conventional control methods, unless new disruptive control technologies are considered. A frequent problem by developing any driving safety system for ice conditions is to have an adequate specification of the friction μ -slip λ characteristic. As compared with other surfaces, the μ-λ-curve for ice has (i) no distinct extremum that complicates the definition of the optimal operational area of the tyre and (ii) very low values of the reference (optimal) slip that puts increased requirements to the precision by estimating the vehicle velocity and slip. Particularly in the case of the ICC, a wrong definition of the optimal slip area not only deteriorates the driving safety but also increases the wheel slip losses. There are only few proving grounds (5) in the world, which have test road segments with ice and snow surfaces. Therefore, the parametrization of tyre models for such conditions can be very challenging. In the case of the EVE project, a unique terramechanic test rig (6) of the Terramechanics, Multibody, and Vehicle Systems (TMVS) at Virginia Polytechnic Institute and State University has been used, as illustrated in Fig. 3 , which was designed for tyre testing on specially prepared real icy surfaces.
The ice temperature can be accurately controlled during the testing; the tire is cooled to the ice temperature prior to the testing. The normal load and the slip ratio in the contact patch are accurately controlled during the test. Figure 4 shows an example of the raw test data collected on the Terramechanics Rig and the processed test results. The processing procedure included complex filtering to achieve exact parameterization of the tyre model even in the area of very low slip (below 0.05). During the tests, the vertical load has been varied to create the database required for the extremum seeking algorithm to finding optimal slip area in relation to μ-λ curves. With the performed tests, the functionality of the traditional tyre models as Pacejka or Dugoff models has been considerably extended. Specifically, the obtained model versions allow to investigate the performance of the integrated chassis controller on low-friction surfaces like ice.
Design Case: Effect of Age and Wear on Tyres
Vehicle systems are designed with specific tyres in mind and the systems are designed to operate optimally with those tyres. Apart from terrain conditions which may affect the tyre longitudinal force versus slip characteristics, the effect that tyre wear and age has on the tyre longitudinal force and tyre stiffness has rarely been investigated. A study on the effect of wear and age on tyre characteristics was conducted to determine whether the effect is significant and needs to be taken into account in the ICC.
The effect of age on the tyre stiffness was determined by artificially aging the tyre in an oven while inflated with oxygen rich air. This procedure ensured the tyre would have approximately equivalent rubber properties to that of a 4-year-old tyre used in the field in Phoenix, Arizona in the USA according to Baldwin (7) . The effect of age on the longitudinal force is shown in Fig. 5 . It was found that a maximum of 4.16% change in stiffness is observed as a result of the aging process.
The effect of wear on the tyre's longitudinal force as a function of slip was determined by wearing a tyre on a tyre test trailer conducting lateral and longitudinal force tests of the tyre. The tyre was run until almost all tread had been worn away. The longitudinal characteristics for the tyre were determined for the new and worn tyre and a Pacejka tyre model fit was conducted. The results show that a 10% reduction in longitudinal force is observed but that the maximum force is still produced in the same slip range, as shown in Fig. 6 . This would result in the maximum affect that the ICC can have, by using the longitudinal force to control the vehicle motion to reduce the tyre wears. However, the aging and wear should not have an effect on the slip-based controller since the maximum force is still achieved in the same slip ranges. The ICC relies on prior knowledge of vehicle parameters to operate in an optimal manner. Since the vehicle parameters may change due to loading conditions the estimation of inertial properties of the vehicle such as mass, location of centre of gravity, roll and pitch centre height becomes important. Other parameters of interest include road grade and elevation as well as road profile. The real time estimation of these parameters will allow for more optimal control of the vehicle. The inertial parameters can be estimated using force measurement at the wheels or suspensions struts.
This however requires the permanent mounting of expensive equipment. While certain technologies are addressing the force estimation such as load sensing bearings (8) , the inertial parameters can also be estimated by means of low cost sensors such as accelerometers, gyroscopes and suspension displacement sensors. The strut displacement and velocity are initially estimated using a linear Kalman filter (9) . From the strut displacement and velocity, as well as from the suspension model, the strut force can be determined. The estimated suspension forces are then used to estimate the inertial properties of the vehicle using an Unscented Kalman Filter (10) . Figure 7 shows the estimated suspension forces compared to the measured forces driving over a Belgian paving surface. Figure 8 shows some of the inertial parameters which are Two lateral and longitudinal force estimation approaches at the tyre-road contact have been developed: one is based on an Extended Kalman Filter (EKF) and the other one uses an Artificial Neural Network method (ANN) (11) . An experiment was carried out using a UTC vehicle instrumented with four wheel transducers which measure the forces and torques for the x, y and z directions, and with an Inertial Measurement Unit (IMU) from which it is possible to obtain the vehicle accelerations and angular rates for yaw, pitch, and roll. The vehicle reaches a maximum speed of approximately 60 km/h while achieving a maximum lateral acceleration about 4,5 m/s 2 . The results obtained with both techniques have been validated against experimentally-collected data. To illustrate the capabilities of the estimators developed, some representative results are reproduced here. More details of the study are found in (11) . Figure 9 and respectively Fig. 10 present measured (black dashed line) and estimated results (red continuous line for EKF and blue dotted line for ANN) of the lateral, respectively longitudinal forces for the front tyres at the tyreground interface.
Both methods show good agreement with the measurements, each one of the methods performing slightly better for one condition or another. Overall, their errors are relatively low when compared with the test data for the complex maneuvers considered (acceleration, steering, and braking), and thus their use in an ICC is feasible.
Design Case: Ride Comfort Difference Thresholds for EVE Vehicle Demonstrator on 4-poster Test Rig
The ICC should not only provide objective improvements in safety and comfort but also improvements that results in the subjective perception thereof by the vehicle driver and occupants. The ride comfort of vehicles is a complex field (11) that incorporates psychological effects, ergonomics, climate, noise and vibration exposure. Occupants' subjective evaluation or judgement of the vibration experienced while driving might influence their opinion of a vehicle (12) (13) . Vibration can be measured during experimental testing or in simulation, in order to evaluate whether design changes will improve comfort. Methods of measure are capable of measuring changes in vibration that humans cannot perceive (12) . Morioka and Griffin (14) mention that it is not known when a reduction in vibration will result in a noticeable improvement in comfort. Research on improving vibration comfort over recent years is based on the assumption that a reduction in vibration will result in an improvement in comfort (14) . Having knowledge of the smallest change in magnitude of vibration that can be detected, has relevance towards the decision on the implementation of design changes (12) . With this information available the risk of the ICC making changes, for example, to the suspension system, without the occupants noticing a difference can be mitigated.
For vehicle vibration on a seat Mansfield and Griffin (12) defines the difference threshold (DT) as: "...the minimum change in the magnitude of the whole-body vibration required for the seat occupant to perceive the change in magnitude." Weber's law states that the ratio between the stimulus magnitude (I) and the change in stimulus magnitude (ΔI), that will be just noticeable, are at a constant ratio (C = ΔI/I). C is the relative difference threshold (RDT) and ΔI is the absolute difference threshold (ADT).
Mansfield and Griffin (11) state that although frequency weightings have been established to predict relative discomfort and compare different vehicles, there has been little research in the DTs of whole-body vibration. Studies have estimated DTs for participants seated on a rigid surface for sinusoidal vertical vibration (14) - (16) and participants seated on a car seat for random vertical vibration (12) and (17) . When driving in a vehicle, occupants might be exposed to not only vertical vibration, but also lateral, longitudinal, roll, pitch and yaw vibration. Therefore, DTs were estimated for drivers seated in the EVE vehicle demonstrator on a 4-poster test rig, exposed to all six axes of vibration as if driving in a straight line over a road.
The required ethical clearance was obtained from the Engineering, Built Environment and Information Technology (EBIT) faculty Research Ethics Committee of the University of Pretoria. The participants consisted of 10 male engineers, all of whom work in the field of vehicle engineering. The EVE vehicle demonstrator was placed on the 4-poster test rig of Tenneco Automotive. The actuators could excite up to 40 Hz at the required displacements. Acceleration was measured between the seat surface and the ischial tuberosity of the driver and at three locations on the seat rail. DTs were estimated for two road profiles. The two road profiles were generated from a road profile that represents a test track used for ride comfort evaluations. Vehicle speed during evaluations over the test track was 80 km/h. The one road profile, referred to as Road 0p71, was generated by scaling the magnitude of the vertical displacement of the test track down to 71%. A second road profile was generated to resemble a less rough road. The magnitude of the test track was therefore scaled down to 30% to form the second road profile, Road 0p30. These are the two reference stimuli used in this study as the displacement inputs to the 4-poster rig. Figure 11 shows the two reference stimuli of the front left actuator on the 4-poster rig superimposed on ISO roads (18) . The up down transformed response (UDTR) procedure, used to estimate DTs, requires that the participant be presented with a reference and an alternative stimulus (12) . The alternative stimuli, for each reference road, were generated by multiplying the magnitude of the vertical displacement of the specific reference road with a multiplication factor. The multiplication factors were determined through an iterative process. The aim was to get a 3% change in the weighted root mean square (r.m.s.) of the vertical acceleration as measured on the seat rail's FL position, between alternative stimuli. The UDTR procedure with a three-down-one-up rule was selected as the psychophysical testing procedure to estimate the DTs. The method was selected based on the principal that it estimates a DT for a participant at a 79.4% probability level and has been used by Mansfield and Griffin (12) as well as by Morioka and Griffin (14) . The order in which the two roads were presented to participants was randomized. DTs were calculated from the vertical acceleration measured by the seat pad from every trial. The acceleration data was weighted in the frequency domain during post processing by using the approximation of the W b weighting function as defined in BS 6841 (19) . All frequency content below 0.5 Hz and above 80 Hz was discarded. The r.m.s. was used to represent the magnitude of acceleration as the crest factor was below six as specified in BS 6841 (19) for all accelerations. The BS 6841 (19) was used, instead of the more recent ISO 2631-1 (20) , in order to compare RDT results with those obtained by Mansfield and Griffin (12) as this is the only other study to have conducted DT testing with vehicle seat exposing participant to real life vibration inputs. The ADT for a set, ΔI i , was calculated from Eq. (1) where i is the number of the set, P i is the average of the alternative stimulus at a peak where there are three consecutive correct responses, P ref i is the average of the three reference magnitudes at a peak, T i is the magnitude of the alternative stimulus at a trough and T ref i is the magnitude of the reference stimulus at a trough. The RDT for a set, C i , was calculated from Eq. (2). The variables P ref i1 , P ref i2 and P ref i3 are the r.m.s. magnitude of the three reference stimuli that forms a peak, m is the number of sets, k is the number of the first set used in the calculation, and n is the number of consecutive correct responses. The numerator of Eq. (2) calculates the average across all reference stimuli which forms part of the peaks and troughs used in the DT calculation. The ADT across all sets was calculated from Eq. (3) by taking the average of the RDTs for each set. The RDT across all sets was calculated from Eq. (4) by taking the average across all sets. The distributions of the ADTs and RDTs for the ten participants for the two reference stimuli (Road 0p30 and Road 0p71) are shown in the box plots in Fig. 12 . The median RDT was estimated to be 10.1% and 8.6% for the two roads, Road 0p30 and Road 0p71, respectively. Statistically comparing the medians of the RDT between the two stimuli, no significant difference between the medians of RDT of Road 0p30 and Road 0p71 was found (p = .203, non-parametric related samples Wilcoxon signed rank test). This implies that Weber's law holds for the RDTs estimated from vertical acceleration when a driver is exposed to six axes of vibration while seated in a vehicle on a 4-poster rig. These estimated RDTs can be used by the ICC to ensure that changes are made such that they are noticeable by the vehicle occupants. For example, if a change is made to the suspension system that corresponds to the median RDT, 50% of the population should be able to correctly identify the more comfortable setting 79.4% of the time.
When using the 75 th percentile RDT it would imply that 75% of the population should be able to correctly identify the more comfortable setting 79.4% of the time. It should be noted that the cohort used consisted of male engineers with a technical background in vehicle engineering, therefore, the DT results obtained may therefore not be representative of the broader population. Future work could include investigating the applicability of frequency weighting functions in predicting DTs, DTs for the various axes of vibration, DTs for certain frequency bands as well as the effect of using different psychophysical methods to estimate DTs. Furthermore, it would be important to see what effect real-life driving will have on the DTs and whether DTs estimated in lab conditions (e.g. 4-poster test rigs) are appropriate. This information should enhance the improvements provided by the ICC in terms of comfort.
Design Case: Benchmarking of Wheel Slip Control Methods
The brake-based wheel slip control (WSC) is the most important part of the ICC architecture; therefore, its design has considered several competitive strategies at the beginning of the EVE project. The WSC on the vehicle demonstrator is realized with the electro-hydraulic brake actuators that allows to implement a continuous control approach. In this regard, a general structure of the WSC has been proposed as indicated in Fig. 13 . The control on the wheel slip is realized through the generation and subtraction of the reactive torque T react from the individual wheel torques T dist , which are computed from the overall base-brake torque demand T bb . The base-brake torque demand is obtained from the brake pedal travel s ped , which is set by the driver. The reference slip λ * is calculated from the estimated longitudinal tyre forces F x and actual wheel slip λ. The actual wheel slip λ is computed from the signals of the wheel speed sensors and estimated vehicle velocity. In accordance with the available instrumentation of the EVE vehicle demonstrator, the information about vehicle velocity is taken directly from the VBOX measurement system. Following one of the main targets of the developed ICC, the WSC should guarantee the required driving safety and support the driving comfort. The driving comfort at braking depends mainly on the vehicle jerk, or the first derivative off the longitudinal vehicle acceleration/ deceleration. To dampen the vehicle jerk, the use of continuous control WSC methods allowing smooth tracking of the reference slip without essential oscillations of the wheel velocities can be proposed. In this regard, within the framework of the EVE project, three continuous WSC strategies are elaborated: Proportional-integral (PI) control with anti-windup for integral part of the controller; Conventional sliding mode control (SMC); Integral sliding mode control (ISMC) with chattering avoidance. During the EVE experimental programme, a special series of tests has been done to compare the WSC algorithms and to make the decision for the final design of the wheel slip controller. For this purpose, the EVE vehicle was tested for the straight-line braking on the Alkersleben proving ground (Germany) in severe weather conditions, as presented in Fig. 14 . In all the tests, the ICC mode has been activated to consider the influence of the actuators of suspension and tyre pressure control system. Figure 15 shows an example of the test results for reference trials on low-friction surface (μ = 0,2. . . 0,3) and the initial braking velocity of 60 km/h. It was clearly observed that ISMC approach ensured minimal slip oscillations, and such wheel dynamics correspondingly caused a low vehicle jerk that can be evaluated from Fig. 16 .
Hence, the experimental results allowed to conclude that a better candidate for the WSC implementation is the integral sliding mode approach. This approach demonstrated a higher robustness to disturbances and suppression of chattering phenomena. The ISM algorithm was therefore selected for the use in the ICC architecture. As a result, it assures a seamless integration with other chassis subsystems to achieve simultaneously enhanced performance in terms of driving safety and comfort.
Design Case: Distributed Testing Procedures
Industrial development of such complex automotive systems as ICC requires several billion kilometers of virtual and road tests to reach sufficient functionality in terms of robustness and fail-safe operation. Therefore, there is a strong demand on new time-efficient procedures allowing rapid prototyping, design, and validation of automotive systems. Their development implements usually software-in-the-loop (SIL), model-in-the-loop, hardware-in-the-loop and test-rig-in-theloop (TRIL) tools, which together can be referred as components of X-in-the-loop (XIL) environment. A variant of generic XIL architecture is shown on Fig. 17 . It has an open interface and can be extended with additional virtual software environments and test rigs depending on the specific research Fig. 18 . XIL-coupling of test rigs (4) and development tasks. However, it is difficult to collect all components of such sophisticated architecture within one physical host.
Thus, the EVE project considered sharing and distributing the development tasks and the corresponding design and testing components between different hosts or partners. This step has led to the establishment of collaborative experimental environments subjected to real-time holistic networking that allows designing experiments, which are not possible in the case of stand-alone use of test rigs or simulators. Such an environment can handle complex test scenarios with simultaneous investigations of the control performance of vehicle systems, wearing processes in chassis components, and the driving comfort.
The proposed architecture can be realized with many specific variants of test rig coupling. One of the first variants has included the coupling of the HIL brake component test rig, the brake dynamometer and the real vehicle simulator (i) to define experimentally the influence of the hydraulic system dynamics on the braking control performance and (ii) to assess tribological processes as particle emission and NVH in the brakes under various braking maneuvers, Fig. 18 . An embedded real-time simulation is used by the connection of the test rigs. It is realized with AVL InMotion platform and vehicle software simulators as dSPACE ASM or IPG CarMaker. This variant has been applied for WSC designing. The WSC requires consideration of the hysteresis in the brake friction pair (brake disc/pad) to improve the control robustness. For this purpose, XIL architecture is implemented as follows: the brake dynamometer delivers information about the wheel torque to the simulation software at AVL InMotion platform; the electro-hydraulic brake system at the testing platform uses the signals about brake pressure demand and wheel speeds realizing wheel slip control functions. Compared to the simulation, the proposed procedure considers in real-time various tribological phenomena in brakes, as hysteresis.
It allows avoiding the implementation of complex tribological models in the WSC with the accounting for the temperature of the friction area, relative velocity between friction components, pressure distribution in the contact area and pressure gradient.
The presented methodology reaches a higher level of complexity in the case of geographical distribution. To address this case, a feasibility check for sufficient real-time connectivity has been done for remote and shared experiments, where various parts of tests are performed at different geographical hosts in Germany, the Netherlands, South Africa and USA. This feasibility check confirmed reliable performance of the distributed testing procedures even in these intercontinental conditions. More detailed information about these tests is presented in (22) .
Summary
Previous sections illustrated only few examples of specific design procedures implemented by the development of the integrated chassis control within the EVE project. Additional, extended information about the project outcomes is presented in the consortium publications, among which several are mentioned here, as follows: dedicated to tyre modelling and testing (23) - (27) , ICC hardware components (28) - (30) , control methods for ICC and its subsystems (31) - (34) , and vehicle and system testing procedures (35) (36) . It should be noted that the project not only realized complex engineering task of efficient ICC design but brought a strong professional impact for research staff participated in the development activities. The EVE clearly demonstrated how the intersectoral and international collaboration between unique research environments allows exploring cutting-edge knowledge and technologies in ground vehicle and control systems engineering.
